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ABSTRACT 

The  adsorption  of  and  the  cycloparaffins  and  on 

Ru(OOl)  at  80  K has  been  studied  using  LEED,  temperature  programmed  desorption, 
and  ESDIAD  (Electron  Stimulated  Desorption  Ion  Angular  Distributions).  An  aim 
of  these  studies  has  been  to  examine  the  relationship  between  ESDIAD  Ion  de- 
sorption angles  and  bond  angles  In  weakly  adsorbed  species  having  known  Internal 
structure.  Fractional  monolayers  of  CgHg  and  C^Hg  both  yield  ESDIAD  patterns 
due  to  Ions  desorbed  In  wide  cones  centered  on  the  surface  normal,  consistent 
with  adsorption  Into  mobile,  disordered  layers.  In  contrast,  a fractional 
monolayer  of  yields  a hexeigonal  ESDIAD  pattern.  These  results  Indicate 

the  azimuthal  orientation  of  the  C-H  bonds  and  are  consistent  with  a simple 
model  of  adsorption.  In  thermal  desorption  studies,  the  weakly  adsorbed 

layer  In  contact  with  the  substrate  Is  easily  distinguished  from  condensed 
multilayers.  Mass  analysis  of  BSD  Ions  reveals  that  the  only  ESD  Ion  product 
Is  for  hydrocarbon  coverages  < 1 monolayer.  For  multilayers  of  adsorbed 
^6^12  ^6^16*  products  have  a mass  distribution  slmlleu:  to  the 

gas  phase  mass  spectrometer  cracking  pattern.  For  all  these  fragments,  the 

> -17  2 

ESD  cross  sections  are  2 x 10  cm  . _ V 


• » 2 «".  i ^ 

• t Jt  rr  -J  .a.  ; fr. 


r 

I . INTRODUCTION 

A central  problem  in  the  physics  and  chemistry  of  surfaces  concerns  the 

determination  of  adsorption  sites  for  atoms  and  molecules  on  surfaces.  Whether 

an  adsorbed  atom  sits  atop  a siurface  atom  or  in  a multiply  coordinated  site  cannot 

usueQ.ly  be  easily  determined.  Low  energy  electron  diffraction  (LEED)  has  been  used 

in  several  cases  to  determine  the  location  of  binding  sites, but  the  inter- 

(2) 

pretation  of  LEED  data  is  sometimes  ambiguous.  In  addition,  LEED  is  fre- 
quently not  sensitive  to  the  configuration  of  low  Z ligands  in  adsorbed  molecules, 

(3) 

such  as  the  H atoms  in  chemisorbed  HC=CH  on  Pt.  Angular  resolved  photoemission 

is  beginning  to  be  applied  to  studies  of  molecular  orientation  and  conformation  at 
(U  5) 

surfaces.  * This  method  offers  promise  for  determination  of  local  moleculcu* 
geometry  luder  conditions  when  diffraction  effects  from  a single  crystal  substrate 
do  not  confound  the  interpretations. 

It  has  been  shown  recently  that  the  method  of  Electron  Stimulated  Desorption 
Ion  Angular  Distributions  (ESDIAD)  also  has  potential  for  the  determination  of  the 
bonding  conformations  of  adsorbed  species. When  an  adsorbed  layer  is 
bombarded  by  a focussed  beam  of  low  energy  electrons  (''<  100  eV)  the  desorption 
of  positive  ions,  ground  state  neutrals,  and  metastable  species  can  be  induced 
by  electronic  excitation  of  the  adsorbate.  The  positive  ions  liberated  by  electron 
stimulated  desorption  (BSD)  have  been  observed  to  desorb  in  discrete  "cones"  of 
emission,  in  symmetric  patterns  geneifally  having  the  symmetry  of  the  substrate. 

The  desorption  of  ions  in  narrow  cones  of  emission  in  specific  directions  is 
related  to  the  formation  of  localized  chemisorption  bonds  at  the  surface. 

A basic  question  concerning  the  usefulness  of  ESDIAD  for  studying  structures 
of  adsorbed  species  concerns  the  relation  b-'tween  the  actual  direction  of  surface 
chemisorption  bonds  and  the  observed  angle  of  positive  ion  emission.  We  are 
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examining  this  question  experimentally  by  studying  the  adsorption  of  molecules 

(physisorbed  and  weakly  chemisorbed  species)  having  adsorption  geometries  which  are 

predictable  on  the  basis  of  their  moleculsu*  structure.  The  idea  is  to  see  if  the 

resultant  ESDIAD  pattern  is  characterized  by  symmetry  and  ion  desorption  angles 

consistent  with  the  known  adsorbate  geometry.  In  a recent  study  of  H^O  and  NH^ 

f 8) 

adsorbed  on  the  close  packed  Ru(OOl)  surface,  ' the  ESDIAD  results  indicated 
that  adsorption  is  largely  non-dissociative,  and  that  the  0 and  N atoms  are  in 
contact  with  the  substrate  with  the  H atoms  pointed  away  from  the  substrate. 

The  angle  of  ion  emission  from  adsorbed  HgO  correlates  well  with  the  expected 
desorption  angle  based  on  known  bond  angles. 

In  the  present  work,  we  report  studies  of  the  adsorption  of  and  the 

cycloparaffins  ^8^l6  Ru(OOl)  surface  using  ESDIAD,  DEED, 

and  Temperature  Programmed  Desorption  (TPD).  In  all  cases,  it  was  expected  that 
the  adsorption  energies  would  be  low,  and  that  the  molecules  would  be  adsorbed 
with  the  carbon  skeleton  roughly  parallel  to  the  surface  so  as  to  maximize  the 
interaction  with  substrate  atoms.  The  experimental  TPD  results  confirm  that  bonding 
is  non-dissociative  and  the  species  sire  either  physisorbed  or  very  weakly  chani- 
sorbed.  The  DEED  results  demonstrated  that  none  of  the  species  form  adsorbed 
structures  characterized  by  long  range  order  at  coverages  ^ 1 monolayer.  For 
reasons  to  be  discussed,  only  the  revealed  an  ESDIAD  pattern  indicative  of 

the  presence  of  azimuthly  ordered  adsorbate  species. 

II.  EXPERIMENTAL 

The  experimental  uhv  apparatus  and  procedures  used  for  these  studies 

(7) 

have  been  described  in  detail  previously.  The  basal  plane  of  hep  Ru  was 
chosen  for  study  because  of  its  high  degree  of  smoothness  at  the  atomic  level. 

The  crystal,  mounted  on  a rotatable  manipulator,  was  cryogenically  cooled  and 
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resistively  heated  and  its  temperatvire  was  continuously  variable  from  8o  K 
to  1550  K.  The  crystal  was  cleaned  by  heating  in  0^  followed  by  heating  in 

(q) 

vacuum  to  1550  K;  the  cleaning  procedure  has  been  described  previously.  All 
of  the  adsorption  studies  reported  here  were  performed  with  the  sample  at  “v  80  K; 
the  hydrocarbon  gases  were  dosed  onto  the  surface  from  a molecular  beam  doser 
which  insured  that  the  gas  flux  directed  onto  the  surface  was  uniform,  and  that 
the  direct  flux  was  considerably  higher  than  the  random  background  flux  of  residual 
gases  in  the  vacuum  chamber  (p  'v  1 x 10~^*^  Torr). 

— T 

The  maximum  electron  beam  current  in  these  studies  was  1.5  x 10  A {current 

-•5  2 

density  '''  2 x 10  '^A/cm  ) . The  weak  positive  ion  desorption  signals  were  detected 
using  a hemispherical  grid  assembly  backed  by  a double  microchannel  plate  (MCP) 
detector.  The  ESDIAD  patterns  were  displayed  visxially  by  acceleration  of  the 
output  electrons  from  the  MCP  detector  onto  a fluorescent  screen.  By  reversing 
potentials,  the  low  energy  electron  diffraction  (LEED)  pattern  from  the  sxirface 
could  also  be  displayed.  A quadrupole  mass  spectrometer  (QMS)  was  used  for  residual 
gas  analysis.  By  turning  the  QMS  ion  source  off,  it  could  also  be  used  for  mass 
analysis  of  positive  ions  produced  by  electron  impact  on  the  adsorbed  layer. 

Typical  electron  excitation  energies  for  the  ESD  studies  were  in  the 
range  100  to  200  eV:  typical  electron  energies  for  the  T.RTin  measurements  were 
90  to  200  eV.  For  most  LEED  and  ESDIAD  measurements,  the  patterns  were  "ccxnpressed" 
by  biasing  the  sample  positively  by  a potential  Vg  with  respect  to  the  (grounded) 
first  hemispherical  grid.  The  angle  of  incidence  of  the  electron  beam  for  most 
ESD  and  LEED  measurements  was  52®  with  respect  to  the  crystal  normal. 

III.  RESULTS 

A.  Adsorption  of  CgHg 

Exposure  of  the  Ru(OOl)  crystal  at  ■%.  80  K to  a beam  of  resulted  in 

weak,  non-dissociative  adsorption.  Using  TPD  at  a heating  rate  of  12  K/s,  only 
one  peak  was  seen  in  the  thermal  desorption  spectra  for  increasing  C H.  coverage. 


The  maximum  in  the  desorption  rate  was  at  91  K and  the  peak  maximum  was  invariant 
with  coverage,  consistent  with  first  order  desorption.  Assuming  a first  order  pre- 
exponential cf  10^^/s,  the  desorption  energy  is  computed  to  be  5*0  kcal/mole. 
Increasing  the  beam  flux  did  not  result  in  the  formation  of  multilayers,  so 
that  saturation  coverage  is  assumed  to  be  ^ 1 monolayer. 

The  only  LEED  pattern  detected  was  the  (l  x 1)  pattern  characteristic 
of  the  clean  substrate;  no  extra  spots  due  to  CgHg  adsorption  were  detected. 

The  only  ESDIAD  pattern  seen  for  adsorbed  CgKg  arose  from  desorption 
of  a low  yield  of  ions  normal  to  the  surface;  no  evidence  for  "lobes"  or 
"halos"  were  seen  in  the  ESDIAD  patterns.  Presumably  adsorbs  into  a 

disordered  mobile  layer  at  'v  80  K,  with  no  evidence  for  either  long  range 
translational  order  or  azimuthal  order  seen  in  LEED  or  ESDIAD  respectively. 

Firment  and  Somorjai^^^^  have  noted  that  CgHg  also  does  not  adsorb  in  an 

ordered  fashion  on  Pt(lll)  at  T > 90  K. 

B.  Adsorption  of  Cyclopropane,  C3Hg 

Cyclopropane  is  a cycloparaffin  with  a planar,  triangular  carbon 

skeleton  having  2 H atoms  bonded  to  each  C atom,  one  on  either  side  of  the 

thermal  desorption  measurements 

skeletal  plane.  Adsorption  is  weak  and  non-dissociative,  with  / indicating 
rapid  desorption  at  1U5  K.  No  ordered  LEED  pattern  other  than  the  (l  x 1) 
pattern  characteristic  of  the  clean  substrate  was  seen.  ESDIAD  studies  revealed 
a broad  cone  of  emission  (fwhm  > 30°)  symmetric  about  the  normal  to  the  crystal 
surface.  As  in  the  case  of  CgHg,  appears  to  adsorb  into  a disordered,  mobile 

layer  which  does  not  result  in  either  long  range  translational  or  azimuthal  order 
capable  of  detection  using  LEED  or  ESDIAD  respectively.  LEED  studies^^^^  of  propane 
on  Pt(lll)  have  also  indicated  the  absence  of  two  dimensional  order  at  T > 90  K. 

C.  Adsorption  of  Cyclohexane,  CgH^2 

a.  Temperature  Programmed  Desorption  of  CgH^g 

Cyclohexane  has  a skeleton  containing  6 carbon  atoms;  isomeric 
forms  include  the  familiar  "chair"  and  "boat"  forms  shown  in  Fig.  1.  The  chair 
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form,  shown  in  the  upper  left  of  Fig.  1,  is  energetically  more  stable  in  the  gas 
phase. 

Fig.  2 shows  a series  of  thermal  desorption  spectra  associated  with 

different  coverages  of  Ru(OOl).  The  sample  was  dosed  by  rotating  to  face 

the  doser;  TPD  was  accomplished  by  rotating  the  crystal  so  that  the  crystal  normal 

was  approximately  coincident  with  the  axis  of  the  QMS.  With  the  QMS  tuned  to  a major 

CgHi2  ion  peak,  TPD  shows  that  at  low  coverages,  only  a single  binding  state 

having  maximum  desorption  rate  at  T = 227  K is  seen.  As  the  dosage  increases, 

p o 

the  coverage  in  this  state  Increases,  but  Tp  remains  nearly  constant  at  227  K,  indi- 

13  -1 

cative  of  first  order  desorption  kinetics.  Assuming  a pre-exponential  of  10  s , 
the  activation  energy  for  first  order  kinetics  is  lU.2  kcal/mole. 

After  saturation  of  the  state  at  227  K,  further  exposure  of  the 
crystal  to  leads  to  the  formation  of  a desorption  state  (150-175  K)  which 

exhibits  no  evidence  for  saturation,  but  which  grows  indefinitely  with  increasing 
exposure  to  gaseous  Furthermore,  the  state  desorbs  following  zero  order 

kinetics,  i.e.,  with  a desorption  rate  independent  of  coverage: 

da  o "®d/RT 
dt  = ^ 

This  is  evidenced  by  the  exponential  dependence  on  ^ of  intensity  (desorption  rate) 

for  the  leading  edge  of  the  desorption  peak  as  demonstrated  in  Pig.  3.  Such 

kinetics  are  characteristic  of  free  sublimation  from  a solid  or  liquid,  and  this 

observation  suggests  that  the  state  at  150  - 175  K is  due  to  a condensed  multilayer 

of  In  Fig.  3>  we  plot  the  logarithm  of  the  desorption  rate,  taken  from  the 

leading  edge  of  a TPD  spectrum  similar  to  the  top  curve  of  Pig.  2,  vs.  l/T.  The 

slope  of  this  curve  yields  a desorption  energy  of  9>2  kcal/mole,  in  good  agreement 

(l2l 

With  the  heat  of  sublimation  of  solid  9>0  kcal/mole.  Thus,  a kinetic 
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method  (TPD)  yields  data  in  good  agreement  with  equilibrium  thermodynamics.  For 
comparison,  Fig.  3 also  shows  similar  data  for  TPD  of  an  H^O  ice  multilayer  in  which 
the  desorption  energy  of  11.5  kcal/mole  agrees  well  with  the  heat  of  sublimation  of 
amorphous  ice,  estimated  to  be  12.2  kceil/mole. Fig.  2 also  demonstrates  another 
characteristic  of  zero  order  TPD  from  multilayers:  when  the  multilayer  is  exhausted, 
the  desorption  rate  drops  precipitously  to  a low  value. 

We  conclude  that  the  <iesorbing  in  the  peak  at  227  K is  due 

to  adsorbed  in  the  first  monolayer  in  contact  with  the  Ru(OOl)  substrate; 

the  monolayer  peak  reaches  saturation  before  the  multilayer  forms.  The  fact  that 
Tp  for  CgHj^2  higher  than  those  of  and  suggests  that  the  CgH^2 

adsorbed  in  a configuration  in  which  a laurge  fraction  of  the  C atoms  are  close 
to  the  substrate,  viz.,  a more  or  less  "lying  down"  mode. 

In  closing  this  discussion  of  TPD  of  CgH^2»  note  that  structxire 
has  also  been  seen  in  the  TPD  spectra  in  the  range  150  - 175  K,  and  is  believed 
to  be  due  to  the  formation  of  the  first  condensed  layer  adsorbed  on  top  of  the 
monolayer . This  feature  is  not  shown  in  the  TPD  spectra  of  Fig.  2,  but  a similar 
feature  can  be  seen  in  the  TPD  spectra  of  Fig.  10,  discussed  below  in  Section  III  D. 
This  layer  appears  to  have  a slightly  higher  desorption  energy  (''/  .2  kcal/mole) 
than  the  remainder  of  the  condensed  multilayer  at  higher  coverages.  Another 
general  observation  is  that  a small  amount  of  H2  is  observed  to  desorb  at 
350  - 500  K following  CgH^2  desorption.  This  signed,  may  be  due- to  residual 
background  H2  adsorption,  or  to  decomposition  of  a small  fraction  of  the  CgH^2* 

Thus,  CgH^2  adsorbed  primarily  as  a molecular  species  on  Ru(OOl) 
at  80  K,  and  the  TPD  studies  provide  a clear  Indication  of  the  various  adsorption 
regimes. 

b.  BSD  of  CgH^2 

In  this  section,  we  will  discuss  the  BSD  behavior  of  CgHj^2 
Ru(OOl)  as  characterized  using  the  QMS  detector.  The  discussion  of  the  T.ERn  and 
Ba)lAD  results  follows  in  Section  III.C.c. 
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The  ESD  of  covereiges  1 monolayer  results  in  the 
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desorption  of  H ions  (V^  = 150  eV,  = 2 x 10  A/cm  );  no  other  ionic  species 
were  detected  using  the  QMS.  The  total  desorption  cross  section  determined  from  the 
decay  of  H ion  current  as  a function  of  time  is(8  + 2)x  10  cm  and  is  compeurable 
to  typical  gas  phase  dissociative  ionization  cross  sections. 

An  ESD  signal  is  also  obseirved  for  multilayer  adsorption. 

Fig.  1*  is  a plot  of  signal  intensity  as  a function  of  the  tanperature  to  which 
the  sample  had  been  heated  for  1 sec,  following  adsorption  of  a multilayer. 

Note  that  on  this  logarithmic  plot,  the  signal  drops  precipitously  during 
desorption  of  the  multilayer  and  monolayer,  and  that  a small  residual  signal 
due  to  impurities  and/or  slight  decomposition  is  seen  at  higher  temperatures. 

ESD  of  a multilayer  yields  a host  of  ionic  desorption  products 

in  addition  to  H^.  Fig.  5a  shows  the  observed  QMS  cracking  pattern  for  gas 
phase  Fig*  5b  illustrates  the  QMS  signal  for  ESD  products  from  a 

multilayer.  In  order  to  enhance  sensitivity,  the  resolution  of  the  QMS  has  been 
reduced  below  that  required  to  give  unit  mass  resolution,  so  that  only  envelopes 
of  closely  lying  mass  peaks  are  seen.  Virtually  the  entire  gas  phase  cracking 
pattern  is  seen  in  ESD,  although  with  varying  intensities.  Thus,  the  ESD  of  a 

monolayer  yields  only  H^,  wherea^  the  multilayer  yields  many  more  ionic 

H 

fragments  (Fig.  6);  in  addition,  the/ ion  yield  from  the  multilayer  is  much  greater 
than  that  of  the  monolayer  (Fig.  U). 

These  observations  are  supportive  of  the  ESD  mechanism  originally 
formulated  by  Redhead^ and  Menzel  and  Comer. The  monolayer  species  are  in 
intimate  contact  with  the  substrate.  The  probability  for  electronic  excitation 
to  a repulsive  or  ionic  state  is  high,  but  de-excitation  processes  involving  electron 
tunneling  from  the  substrate  are  also  highly  probable,  so  that  the  net  ion  flux 


from  the  adsorbed  layer  is  low.  In  addition,  the  probability  of  desorption  of 

slower  moving,  more  massive  ion  fragments  is  suppressed  due  to  the  ESD  isotope 

effect. Hence,  the  dominant  ionic  desorption  fragment  is  H^.  Note,  however, 

that  the  total  cross  section^^^^ (Fig.  7)  for  destruction  of  the  multilayer  species 

giving  rise  to  the  H signal,  is  high,  -v*  8 x 10  cm  , and  is  comparable  to  gas 

(17 ) 

phase  total  ionization  cross  sections. 

In  an  insulating  mxiltilayer,  deexcitation  processes  involving 
electron  tunneling  from  the  substrate  are  virtually  non-existent,  although  intra- 
molecular collisional  deactivation  cannot  be  eliminated.  The  observation  of  higher 
mass  ionic  fragments  is  a consequence  of  the  availability  of  repulsive  ionic  states 
for  Franck-Condon  excitation  as  well  as  the  reduced  deexcitation  probability  in  the 
multilayer.  Note,  however,  that  the  higher  mass  ESD  fragments  in  Fig.  5b  are 
attenuated  by  comparison  with  the  gas  phase  mass  spectrum.  If  we  assume  that  this 
attenuation  is  a simple  consequence  of  the  ESD  mass  effect^^^^  (in  which  slower- 
moving  heavy  ions  are  more  effectively  neutralized  than  faster-moving  light  ions), 
then  we  can  estimate  the  expected  magnitude  of  the  attenuation.  By  assuming  an 
escape  probability  of  0.1  for  the  mass  27  ions,  the  intensities  given  by  the 
dashed  lines  in  Fig.  5b  are  computed  using  the  formalism  of  Ref.  l6  (i.e.,  the 
higher  mass  fragments  in  the  gas  phase  cracking  pattern  are  attenuated  relative  to 
mass  27 ) . Although  the  intensity  at  mass  ^*1  is  not  accurately  predicted  by  this 
model,  the  higher  mass  intensities  are  in  reasonable  agreement  with  experiment. 
However,  the  possibility  of  an  experimental  artifact  (energy  dependence  of  QMS 
transmission)  being  partly  responsible  for  the  high  mass  attenuation  has  not  been 
eliminated. 

Fig.  7 shows  a series  of  data  illustrating  the  decay  of  intensity 

of  several  ionic  fragments  as  a function  of  electron  bombardment  time  for  a CgH^2 

multilayer.  In  all  cases,  the  total  cross  sections  for  depletion  of  the  species 

-17  2 

giving  rise  to  the  ions  is  quite  high,  2 - 10  x 10  cm  . Even  at  a beam  current 
—7  — S 2 

as  low  as  1.2  x 10  'A  (J  1.5  x 10  "^A/cm  ) the  lifetime  of  the  adsorbed  layer  is 

of  the  order  of  100  seconds.  This  places  a severe  limitation  on  measurement  times 

using  electron  beams  for  the  study  of  hydrocarbon  layers  as  in  LEED  and  AES. 
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c.  ESDIAD  and  LEED  Studies  of 

Fig.  8 shows  LEED  and  ESDIAD  patterns  associated  with 
Ru(OOl).  Fig.  8a  is  the  LEED  pattern  associated  with  the  clean  hexagonally- 
synunetric  Ru(OOl)  surface.  Upon  adsorption  of  fractional  monolayers  of 
on  this  surface  at  'v-  80  K,  no  "extra"  LEED  beams  were  seen  (V^  » 90  - 200  eV); 
the  only  pattern  visible  was  the  (1  x 1)  pattern  characteristic  of  the  clean 
surface.  Either  the  adlayer  is  disordered,  or  it  orders  into  the  (l  x 1) 
structure  of  the  substrate.  Such  ordering  appears  impossible,  however,  since 
the  molecular  diameter  of  greater  than  the  Ru-Ru  spacing,  and  severe 

compression  of  the  adlayer  would  be  required.  In  contrast,  Firment  and 
Somorjai^^^^  report  ordered  over layers  of  monolayer  coverages  of  cyclohexane 
on  Pt(lll)  at  lUo  - 200  K;  the  molecules  are  out-of-registry  with  the 

underlying  Pt  atoms  in  their  model. 

Fig.  8c  is  the  ESDIAD  pattern  associated  with  fractional 
monolayers  of  pattern  is  characterized  by  a bright  spot  in  the  center 

due  to  an  ion  beam  emitted  normal  to  the  surface,  and  6 very  faint  lobes  of  emission 
arranged  symmetrically  about  the  center  spot.  Because  of  the  difficulty  in  photo- 
graphically reproducing  the  faint  lobes  in  Fig.  8c,  ve  show  a sketch  of  this 
pattern  in  Fig.  8e  to  indicate  the  relative  sizes  and  orientations  of  the  lobes. 

Note  that  the  expected  symmetry  in  Fig.  8a  and  8c  is  hexagonal,  although  the  resultant 
LEED  and  ESDIAD  patterns  are  not  perfect  hexagons.  This  is  a result  of  distortion 
of  the  charged  particle  trajectories  by  the  electric  field  between  the  irregularly 
shaped  sample  and  the  first  hemispherical  grid).  As  discussed  previously,  the 
only  ESD  ion  detected  from  the  monolayer  is  H^. 

The  ESDIAD  pattern  (8c,8e)  and  the  LEED  pattern  (8a)  have  the  same 
azimuthal  registry.  However,  the  LEED  pattern  has  the  orientation  of  the  re- 
ciprocal lattice  net,  and  is  rotated  by  30®  with  respect  to  the  substrate 
atom  net.  In  contrast,  the  ESDIAD  pattern  is  a view  in  direct  8pcu:e  of  the 
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desorbing  ion  trajectories. 

The  symmetry  of  the  ESDIAD  pattern  8c  is  consistent  with  the 
symmetry  of  the  molecule,  and  a model  for  adsorption  on  the  Ru(OOl) 

surface  will  be  discussed  in  Section  IV,  below.  We  simply  note  here  that  the 
size  of  the  carbon  skeleton  of  is  such  as  to  fit  nicely  on  a single  Ru  atom. 

If  such  is  the  case,  then  Fig.  8c  suggests  that  the  mean  azimuthal  orientation  of 
the  CH  bonds  in  adsorbed  is  in  the  direction  of  next-nearest  neighbor  surface 

atoms  (in  contrast,  the  OH  bonds  in  adsorbed  HgO  are  in  the  direction  of  nearest 
neighbors) . 

Fig.  8b  is  a LEED  pattern  associated  with  a multilayer  of 
adsorbed  at  80  K.  This  pattern  is  quite  dim,  and  is  very  susceptible  to  ESD 

_7 

damage.  Electron  bombardment  at  200  eV,  1.5  x 10  A for  20s  to  30s  is  sufficient 
to  cause  the  extra  features  to  disappear.  The  pattern  is  complex  and  has  not  been 
analyzed;  it  is  shown  merely  to  illustrate  that  multilayer  ^6^12 
apparently  crystalline  and  to  confirm  that  ESD  effects  do  seriously  effect  the 
LEED  pattern.  The  lifetime  of  the  LEED  pattern  for  multilayer  is  consistent 

with  ESD  cross  sections  as  well  as  with  previous  observations. 

Fig.  8d  is  an  ESDIAD  pattern  from  multilayer  The  bright 

spot  is  due  to  emission  normal  to  the  surface,  and  contains  contributions  from 
through  The  angular  size  of  the  contribution  to  this  beam  is  displayed 

in  Fig.  9 as  a plot  of  QMS  signal  as  a function  of  ion  desorption  angle.  Similar 
data  for  higher  mass  fragments  exhibited  similarly  wide  (fwhm  > 30®)  ion  angular 
distributions.  (Note  that  the  data  of  Fig.  9 were  obtained  using  a bias  potential 
Vg  = UOV  between  the  sample  and  the  QMS  entrance  aperture.  The  resxiltant  electric 
field  causes  a decrease  in  the  width  of  the  ESDIAD  beams ' the  zei^5  field  width 
of  the  cone  from  certainly  greater  than  the  30®  shown  here. ) 

In  suimary,  it  appears  that  fractional  monolayers  of  are 

adsorbed  at  80  K in  a layer  in  which  long  range  order  is  absent.  Most  importantly 
the  orientation  of  the  ESDIAD  pattern  contains  information  regeurding  the  mean 
azimuthal  orientation  of  the  CH  bonds. 
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D.  Adsorption  of  Cyclooctane,  CgH^g 

Cyclooctane  is  a saturated  cycloparaffin  with  a "puckered”  ring  carbon 

skeleton.  Exposure  of  the  Ru(OOi)  crystal  at  8o  K to  a beam  of  ^8”l6  results  first 

in  population  of  a "monolayer"  state  of  ^8»16  in  direct  contact  with  the  substrate. 

Temperature  programmed  desorption  studies  (Fig.  lO)  demonstrate  that  T for  this  state 

P 

is  'v.  270  K when  ® 'v  0.1;  decreasing  to  "v*  257  K for  0 "v  1.0.  (N.B.  For  each  curve 

in  Fig.  10,  the  precision  of  the  temperature  scale  is  ^ 3°  at  “v  250  K;  the  accuracy 
is  estimated  at  +.10  K).  Upon  saturation  of  the  monolayer,  subsequent  ad- 

sorption leads  to  the  popxilation  of  a second  layer  of  physi sorbed  molecules.  Further 
adsorption  results  in  population  of  a multilayer  state  which  desorbs  following  zero 
order  kinetics,  as  observed  previously  for  H^O  and  multilayers. 

The  activation  energy  for  desorption  of  ^8^16  from  the  monolayer  state 
decreases  slightly  as  a function  of  coverage  due  to  intramolecular  interactions; 

at  6 = 1,  Tp  = 257  K,  the  first  order  activation  energy,  computed  assuming  a 

13  -1 

preexponential  factor  of  10  sec  , is  16.2  kcal/mole. 

The  ESD  results  for  Cgli^g  parallel  those  for  fractional 

monolayers  of  C yields  as  the  only  ionic  desorption  product,  whereas  ESD 
^8^16  multilayers  yields  a spectrum  of  ionic  fragments  qualitatively  similar 
to  the  gas  phase  cracking  pattern.  As  in  the  case  of  the  higher  mass  fragments 

are  attenuated  more  than  the  corresponding  species  in  the  gas  phase  cracking  pattern, 
fr  the  reasons  discussed  in  Ill.C.b. 

Adsorption  of  fractional  monolayers  of  CgH^g  results  in  no  new  LEED 
structures  other  than  the  familiar  (1  x 1).  For  fractional  monolayer  doses,  the 
ESDIAD  pattern  has  a mottled,  somewhat  textured  appearance  with  no  regular  symmetry 
apparent.  As  discussed  in  Section  IV  below,  it  appears  most  reasonable  that  the 
CgHi6  molecule  is  bonded  to  the  substrate  with  the  carbon  skeleton  generally 
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parallel  to  the  substrate.  There  is  no  regular  azimuthal  registry  with  the 
substrate. 

IV.  DISCUSSION 

A.  Bonding  Characteristics  of  and  Cycloparaffins  Adsorbed  on  Ru(OOl). 

For  all  of  the  molecules  studied  (C2Hg,C2Hg,CgH^2»^8^lg) » tempera- 
ture programmed  desorption  (TPD)  data  indicate  that  adsorption  on  Ru(OOl)  is  non- 
dissociative  at  “v-  80  K.  Following  formation  of  a surface  monolayer,  the  larger 
molecules  and  C8»16)  form  condensed  multilayers  whose  desorption  characteristics 

are  consistent  with  free  sublimation  from  solid  hydrocarbon  layers.  For  both 
and  ^8^16’  there  is  also  evidence  for  the  formation  of  a second  layer  with  binding 
energy  between  that  of  the  first  monolayer  and  the  condensed  multilayer.  Thus, 
the  effect  of  the  substrate  extends  in  a weak  fashion  into  the  second  layer,  but 
is  absent  for  higher  coverages. 

Fig.  11  illustrates  the  TPD  characteristics  of  monolayer  quantities  of 
the  hydrocarbon  molecules  on  Ru(OOl).  Fig.  11a  is  a plot  of  T^,  the  temperature 
at  which  the  desorption  rate  is  a maximum  (cf.  Figs.  2 and  lO),  as  a function  of 
the  number  of  carbon  atoms  in  each  molecule.  Assuming  first  order  desorption 
kinetics  and  a pre-exponential  factor  of  lO^^s”^,  these  values  of  T^  were  used 
to  compute^^^^  activation  energies  for  desorption,  E^.  The  resultant  values  of 
are  plotted  vs.  the  number  of  carbon  atoms  in  each  molecule  in  Fig.  11b.  The 
monotonic  increases  seen  in  both  11a  and  11b  suggest  that  the  molecules  are  bonded 
to  the  Ru(OOl)  substrate  in  such  a way  as  to  maximize  coordination  with  the  substrate. 
That  is,  the  carbon  skeletons  of  each  molecule  are  oriented  more-or-less  parallel 
to  the  Ru  surface.  If  "edge-on”  bonding  through  only  one  or  two  methylene  groups 
were  to  occur  for  the  larger  ring  structures,  the  measured  values  of  E^  would  be 
lower,  comparable  to  the  or  data.  Moreover,  the  magnitudes  of  E^  are 

only  slightly  higher  than  the  heats  of  sublimation  of  the  molecular  solids. 
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suggesting  that  physical  adsorption  or  very  weak  chemisorption  occurs,  and  that 
the  geometric  and  electronic  structures  of  the  gas  phase  molecules  are  relatively 
unperturbed  in  the  adsorbed  layer. 


Although  adsorption  of  the  cycloparaffins  is  non-dissociative  on 
Ru(OOl)  at  low  temperatures,  dissociative  adsorption  of  on  Pt  and  Ir  surfaces 

has  been  observed  to  occur  at  T > 300  Demuth,  Ibach  and  Lehwald^^®^  have 

reported  that  cyclohexane  reversibly  desorbs  from  Ni(lll)  for  T ^ 170  K,  but  de- 
hydrogenates on  Pt(lll)  for  T ^ 200  K to  leave  benzene. 

The  absence  of  structured  ESDIAD  patterns  for  ethane  and  cyclopropane  is 
consistent  with  the  lack  of  long-range  order  observed  using  LEED,  and  suggests 
that  these  species  are  adsorbed  into  disordered,  possibly  mobile  layers  in  which 
short-range  azimuthal  registry  with  the  substrate  is  also  absent.  The 
molecule  is  apparently  too  large  and"puckered"  to  form  a layer  having  either  short 
or  long  range  order,  so  that  no  ordered  LEED  or  ESDIAD  patterns  are  seen.  Cyclo- 
hexane does  yield  a hexagonal  ESDIAD  pattern  (Fig.  8c),  and  the  following  adsorption 
model  is  proposed. 

(21) 

The  conformation  of  cyclohexane  has  been  well  studied  in  the  liquid 


phase  as  a function  of  temperature  using  NMR  techniques. 


The  thermodynamically 


stable  form  of  chair  form  (Fig.  1)  which  is  5.3  + 0.3  kcal/mole  more 


stable  than  the  boat  form. 


Jensen,  et  al.  have  used  NMR  to  measure  the 


temperature  dependence  of  the  rate  of  inversion  of  chair  form  (which  proceeds 

via  strained  conformation)  and  they  deduce  that  AH  =9.7  kcal/mole.  At  77  K the 

( 22) 

rate  for  inversion  is  negligibly  small.  Thus  it  is  reasonable  to  consider 

that  in  the  absence  of  strong  perturbations  due  to  adsorption  of  by  Ru(OOl), 

we  are  dealing  essentially  with  stable  chair  form  - in  the  adsorbed  layer. 

In  Figiire  12  is  shown  a model  of  chair  form-CgH^^g,  and  its  probable 
steric  relationship  to  a Ru(OOl)  site.  The  hydrogens  in  are  divided  into 


lU 


( . 
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two  general  groups,  designated  axial  and  equatorial.  The  axial  hydrogens  are 
directed  up  and  down  from  the  carbon  skeleton  ring  and  are  sho%m  by  open  circles 
and  starred  circles.  The  six  equatorial  hydrogens  are  designated  by  open  circles 
and  black  circles  with  the  black  circles  representing  those  hydrogens  directed 
slightly  upwards  from  the  plane.  In  the  lower  portion  of  the  figure  the  projection 
of  the  starred  axled,  hydrogens  onto  the  Ru(OOl)  site  is  shown  and  an  excellent 
fit  into  three  equivalent  wells  in  the  Ru(OOl)  surface  is  seen  to  occur.  When  the 
chair  form-CgH^2  is  so  oriented  three  of  the  axial  hydrogens  (dark  circles)  e^e  directed 
through  the  valleys  between  neighboring  Ru  atoms,  as  shown  in  the  lower  portion  of 
the  figure.  ESDIAD  from  this  molecule  would  yield  the  non-normal  -ejection 
directions  which  are  experimentally  observed,  i.e.,  in  the  direction  of  next-nearest 
Ru  neighbors  relative  to  the  central  Ru  atom.  Six  equivalent  ejection  directions 
would  result  from  two  equivalent  orientations  of  with  respect 

to  each  other.  In  addition,  ESDIAD  on  this  molecule  would  be  expected  to  yield  a 
normal  beam  from  the  upward  pointing  axial  hydrogens,  and  this  normal  emission 
is  also  experimentally  observed  from  monolayer  ^^^.2  Ru(OOl).  It  is  not  possible 
at  present  to  answer  two  questions  of  importance  to  a complete  interpretation  of 
ESDIAD  results  for  on  Ru(OOl); 

(a)  Are  the  two  types  of  equatorial  hydrogens  distinguishable? 

Do  the  downward  directed  equatorial  hydrogens  (open  circles) 
contribute  to  the  hexagonal  beams? 

(b)  What  is  the  observed  polar  angle  of  onisslon  of  the  hexagonal 

beams,  and  what  factors  are  at  work  in  determining  the  polcu* 
emgle  direction  of  emission  of  these  beeuos  (i.e.  distortion  of 
bond  angle  in  weakly-held  adsorbed  species,  image  force 
attractive  perturbations  of  Initial  trajectory,  possible 
repulsive  forces  from  Ru  atoms  on  trajectory,  etc.)? 
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B.  Electron  Beam-Induced  Damage  in  Hydrogen  Layers 

In  the  present  studies,  ESD  effects  in  adsorbed  hydrocarbon  layers 
were  monitored  by  detection  of  ionic  desorption  products  and  by  changes  in  the 
appearance  of  the  LEED  pattern  (in  the  case  of  multilayer  For  monolayer 

and  frewjtional  monolayer  coverages,  the  only  ionic  desorption  product  seen  from  any 
of  the  adsorbed  hydrocarbons  is  In  all  of  these  cases,  the  total  cross  section 

for  depletion  of  the  species  giving  rise  to  the  H signal  is  lo”  cm  , comparable 

(17) 

to  gas  phase  dissociative  ionization  cross  sections.  Presimably,  excitation  of 

more  massive  ionic  fragments  to  repulsive  electronic  states  does  not  occur,  and/or 
the  desorption  probability  of  heavier  ionic  fragments  is  very  low  due  to  effective 
neutralization  processes  ("bond  healing"  effects  due  to  electron  transfer  from 
the  metallic  substrate). 

On  the  contrary,  ESD  of  multilayers  results  in  the  appearance  of  a host 

of  ionic  fragments  having  distributions  similar  to  gas  phase  mass  spectrometer 

cracking  patterns.  There  is  an  attenuation  in  the  intensity  of  the  heavier  fragments 

consistent  with  intermolecular  deactivation  processes  in  the  condensed  multilayer. 

The  condensed  multilayers  are  sufficiently  removed  from  the  metallic  substrate 
> ° 

('V'  5 A)  so  that  neutralization  processes  involving  electron  transfer  (Auger 
neutralization,  resonance  tunneling,  etc.)  from  the  substrate  are  not  likely. 

(2U) 

These  data  are  consistent  with  the  LEED  studies  of  Buchholz  and  Somorjai 
and  Pirment  and  Somorjai.^^^^  They  demonstrated  that  the  disappeeurance  time  for  the 

_5  2 

CgHi2  miiltilayer  LEED  pattern  was  'v<  5s  at  a cxirrent  density  of  5 x 10  A/cm  ; the 

-5  2 

present  results  indicate  a disappearance  time  of  20  to  30s  at  1.5  x 10  A/ cm  . 

They  also  noted  that  surfaces  of  solids  composed  of  large  conjiigated  aromatic 
molecules  are  more  stable  under  electron  beam  irradiation  than  surfaces  of  smaller 
conjugated  molecules,  and  that  surfaces  of  saturated  molecules  are  even  less  stable. 
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Finally,  there  is  ample  evidence  to  indicate  that  electron  bombardment 

of  hydrocarbon  layers  can  lead  to  many  complex  chemical  effects  in  addition  to  ionic 

(2s) 

desorption.  Matsuhige  and  Hamill  have  seen  evidence  for  radical-radical 

((C6H5)  ) 

interactions  leading  to  desorption  of  bicyclohexyi  /daring  low  energy  electron 
bombardment  of  cyclohexane.  Electron  bombardment  of  surface  layers  can  also 
result  in  polymerization;  electron-beam  polymerization  finds  wide  use  in  the 
fabrication  of  microelectronic  circuits.  ' 

In  conclusion,  we  have  demonstrated  that  a combination  of  surface  sensitive 
methods  (LZED,  ESD  and  ESDIAD)  provid®  new  insights  into  the  structure  and  bonding 
of  hydrocarbons  adsorbed  on  metals. 
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FIGURE  CAPTIONS 


Fig.  1.  Carbon  skeletons  for  gaseous  cyclohexane,  The  "chair"  form, 

left,  is  thermodyneunically  more  stable  than  the  "boat"  form,  right. 

Fig.  2.  Temperature  programmed  desorption  spectra  following  the  adsorption  of 

^6^12  Ru(OOl)  at  80  K.  The  heating  rate  is  20  K/s. 

Fig.  3.  Plots  of  desorption  rate  vs.  1/T  for  desorption  from  mxiltilayers  of  H^O 

and  a^dsorbed  on  Ru(OOl).  The  activation  energies  given  by  the 

slopes  of  the  lines  are  very  close  to  the  heats  of  sublimation  of  the  solids. 

Fig.  U.  Decay  of  ESD  ion  current  as  a function  of  sample  temperature  during 

desorption  of  from  Ru(OOl).  Multilayer  was  adsorbed  at  *'<  80  K, 

and  the  sample  was  heated  in  steps  to  the  indicated  temperature  for  “v  Is. 

Fig.  3.  Compeu-ison  of  gas  phase  mass  cracking  pattern  for  CgH^g  (a)  with  the  ionic 

ESD  products  from  multilayer  CgH^g  (b).  The  resolution  of  QMS  was  the 

same  in  each  case.  Electron  energy  for  gas  phase  = 70  eV;  electron  energy 
for  ESD  * 200  eV;  ionkinetic  energy  at  QMS  = 100  eV. 

Fig.  6.  Schematic  illustration  of  the  nature  of  the  ionic  ESD  products  from 

monolayer  and  mviltilayer  CgH^g. 

Fig.  7.  Time  dependence  of  the  ESD  ion  signals  from  a OgH^^g  multilayer  during 

—7 

electron  bombardment  (l^  = 1.2  x 10  A,  = 150  eV).  Cross  sections  are 
determined  from  the  initial  slopes  as  described  in  Ref.  l6. 

Fig.  8.  DEED  and  ESDIAD  patterns  for  CgH^^g  on  Ru(OOl). 

(a)  clean  DEED  pattern,  Vg  = 210  V. 

(b)  DEED  pattern  from  CgH^g  multilayer,  Ve  = 170  V . The  dark  "blotches" 
are  due  to  defects  in  the  imaging  system. 

(c)  ESDIAD  pattern  from  a fractional  monolayer  of 

•v  80  K.  Note  the  symmetry  and  registry  of  this  pattern  in  comparison 
with  the  DEED  pattern  (a).  • 200  V. 

(d)  ESDIAD  pattern  from  multilayer  » 200  V. 

(e)  Schematic  drawing  of  ESDIAD  pattern  (c)  from  fractional  monolayer  of 
CgH^g  on  Ru(OOl)  at  -v  80  K. 


Angular  distribution  of  H ESD  signal  from  multilayer  as  measured 

using  the  QMS  ('v-5®  acceptance  angle).  Application  of  a bias  potential, 
Vg  = UOV,  between  crystal  and  QMS  detector  causes  the  measured  ESDIAD 
cone  angle  to  be  smaller  than  the  true  angle  (see  text). 

10.  Temperat\ire  programmed  desorption  spectra  following  the  adsorption  of 
cyclooctane  (C3H^g)  on  Ru(OOl)  at  -v-  8o  K.  The  desorption  ranges  of 

the  monolayer  in  contact  with  the  Ru  substrate,  the  second  layer  and  the 
multilayer  are  all  indicated. 

11.  Variation  of  Tanperature  Programmed  Desorption  behavior  of  hydrocarbon 
monolayers  on  Ru(OOl)  as  a function  of  the  number  of  carbon  atoms  in 


each  molecule.  is  the  temperature  at  which  the  desorption  rate  is 
a maximum, and  is  the  activation  energy  for  desorption. 

12.  Model  for  adsorption  of  on  Ru(OOl)  (see  text). 
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